Protrusion formation is the first step that precedes cell movement of motile cells. Spatial control of actin polymerization is necessary to achieve directional protrusion during cell migration. Here we show that the spatial coordinators p190RhoGEF and p190RhoGAP regulate actin polymerization during leading edge protrusions by regulating the actin barbed end distribution and amplitude. The distribution of RhoC activity and proper balance of cofilin activation achieved by p190RhoGEF and p190RhoGAP determines the direction of final protrusive activity. These findings provide a new insight into the dynamic plasticity in the amplitude and distribution of barbed ends, which can be modulated by fine-tuning RhoC activity by upstream GEFs and GAPs for directed cell motility.
Introduction
Polarized protrusion of the cell toward a source of chemoattractant is the initial motile response of diverse cell types, from Dictyostelium to tumor cells, during chemotaxis (Weiner, 2002) . Polarized protrusion at the leading edge is coupled to actin polymerization and is essential for the establishment of directional migration (Insall and Machesky, 2009 ). Regulators of leading edge protrusion include actinbinding proteins such as cofilin and Arp2/3, and both function synergistically to generate actin-filament-associated free barbed ends (Chan et al., 2000; DesMarais et al., 2004; Oser et al., 2009 ). The cofilin activity cycle is temporally and spatially regulated to restrict active cofilin at specific locations at the cell membrane, thereby defining the location of actin polymerization and direction of cell motility Mouneimne et al., 2006) . Through phosphorylation at serine 3 (pCofilinS3), cofilin is inactivated and is not able to bind to actin (Van Troys et al., 2008) . In tumor cells, phosphorylation of cofilin is regulated by RhoC/ROCK/LIMK pathway (Bravo-Cordero et al., 2011) . However, the mechanism of how cofilin activity is spatiotemporally regulated during polarized protrusions of the leading edge is not known. Moreover, there are different models that explain the role of cofilin at the leading edge during actin polymerization and barbed end formation (DesMarais et al., 2005; Pollard and Borisy, 2003) . However, neither model explains at a molecular level how spatial control of actin dynamics is achieved during directional cell migration. As motility is a crucial step for multiple processes from development and homeostasis to metastasis, understanding the molecular pathways that drive spatiotemporal control of protrusion formation is a fundamental question to be answered.
The Rho family of p21 small GTPases have been shown to be master regulators of actin dynamics through their ability to interact with many different downstream effectors (Ridley, 2012) . Regulation of GTPase signaling pathways involves multiple layers of regulatory molecules including the GEFs, GAPs and GDIs (Ridley, 2012) . It has been suggested that the specificity of GTPase signaling cascades rely on spatial and temporal segregation of functions between the specific GEF/GAP modular groups, dictating specific outcomes (Pertz, 2010) . Through this spatially and temporally discrete upstream regulatory control, RhoGTPases can be activated/deactivated very rapidly and locally in order to trigger specific signaling pathways. These pathways require precise coordination in time and space of all of the components to generate the final, spatiotemporal output signal/function. However it is not yet well understood how cells spatially integrate the activities of GEFs and GAPs to define the final outputs including actin polymerization and protrusion formation.
Among all the Rho isoforms, RhoC is best known to be essential for metastasis, a process highly dependent on motility mechanisms (Clark et al., 2000) . While the importance of RhoC in cell motility has been shown (Vega et al., 2011; Wu et al., 2010) , the mechanisms of how it regulates actin polymerization during leading edge protrusions still remain unknown.
RhoGTPases have been shown to localize to dynamic activity zones in different processes. For example, RhoA and Cdc42 localize in concentric rings around wounds in Xenopus oocytes during wound closure (Benink and Bement, 2005) ; RhoC localizes in areas surrounding invadopodia, actin-rich structures capable of degrading extracellular matrix (Bravo-Cordero et al., 2011) ; and RhoA, Rac and Cdcd42 localize at the leading edge during lamellipodium formation ElSibai et al., 2008; Machacek et al., 2009) . These examples highlight the high degree of spatial and temporal regulation of GTPases in different subcellular processes. However, how these activity zones are setup and sustained during polarized protrusions of the leading edge has not been explored. It is likely that GEFs and GAPs are involved in mediating the formation of these 'activity zones' but how they spatiotemporally regulate Rho GTPases and ultimately actin dynamics is still unknown.
We show here how p190RhoGEF, p190RhoGAP and RhoC regulate polarized protrusion formation. In our model, the spatially coordinated localization patterns of these proteins regulate RhoC activity within dynamic activity zones at the leading edge protrusion. Focused RhoC activity determines the directionality of leading edge protrusions, by spatially restricting actin polymerization. Interestingly, we have found that p190RhoGEF and p190RhoGAP play an important role in determining the sites of actin polymerization. By interfering with their activities, actin barbed end amplitude can be spatially and temporally modulated. This suggests a dynamic control of barbed end production and protrusion activity that can be finely tuned by the upstream regulators of RhoC GTPase. Overall, these results show that the p190RhoGEF/p190RhoGAP/RhoC signaling pathway has a critical role in achieving cellular asymmetry during cell protrusion and lead to a new model of how actin polymerization sites are generated and sustained during directional cell protrusion.
Results

RhoC is necessary for protrusion formation during chemotaxis
Invasive tumor cells are chemotactic and form lamellipodial protrusions towards EGF (Segall et al., 1996) . We sought to test how RhoC is involved in lamellipodium protrusion formation after EGF stimulation. We used the MTLn3 adenocarcinoma cell line because it is well characterized for the formation of broad flat lamellipodia with no ruffles (supplementary material Fig.  S16 ), so there is negligible contribution due to thickness variation to the fluorescence intensity (Bailly et al., 1998a; Bailly et al., 1998b; Chan et al., 1998; Rotsch et al., 2001) facilitating the study of the actin rearrangements in the early stages of protrusion formation after EGF stimulation (Segall et al., 1996) . We knocked down RhoC in MTLn3 cells (supplementary material Fig. S1a ) and studied how EGF-stimulated protrusions were affected. Results indicate that protrusive activity as well as other protrusion parameters are reduced upon RhoC depletion ( Gradient sensing of chemotactic cues is the initial step in chemotaxis. To explore the role of RhoC during gradient sensing, we applied local EGF signals to cells using a pipette. Control MTLn3 cells show newly formed protrusions oriented towards the pipette, which demonstrates their ability to sense the EGF gradient ( Fig To determine how RhoC regulates leading edge protrusions, we examined RhoC activity using a RhoC FLARE.sc biosensor (Bravo-Cordero et al., 2011; J. Zawistowski, M. Sabouri-Ghomi, G. Danuser, K. M. Hahn and L.H., unpublished.) . Using quantitative fluorescence biosensor imaging we observed that RhoC activity is enriched in areas behind the leading edge of the cell. The leading edge is defined as the region that extends 1 mm inward from the cell membrane (DesMarais et al., 2002) , while RhoC activity was found between the second (1-2 mm from the cell edge) and third (2-3 mm from the cell edge) micrometer, in an EGF-driven protrusion ( Fig. 2A,B ; supplementary material Fig. S14 ).
Upon local EGF stimulation RhoC activity is polarized and elevated between the second and third micrometer area behind the leading edge ( Fig. 2C,D ; supplementary material Fig. S14 and Fig. S17 ). These areas are immediately behind the region where cofilin [a marker for leading edge (Chan et al., 2000) ] localizes (Fig. 2D) . RhoC is not activated in areas at the back of the cell ( Fig. 2C,E ; supplementary material Fig. S2d ). These results suggest that RhoC activation facilitates directional protrusion towards an EGF source (Fig. 2E ).
RhoC activation defines actin polymerization sites during leading edge protrusions Activation of RhoC increases pCofilinS3 levels in a ROCKdependent manner (Bravo-Cordero et al., 2011) . Indeed, cofilin phosphorylation status is regulated by the RhoC/ROCK/LIMK signaling pathway in invasive tumor cells (Bravo-Cordero et al., 2011) (supplementary material Fig. S3a,b) . Phosphorylation of cofilin is increased after 1 minute of EGF stimulation, remains elevated for 10 minutes after EGF stimulation (supplementary material Fig. S4 ) and gradually returns to unstimulated levels after 30 minutes . This phosphorylation step is dependent on RhoC but not RhoA (supplementary material Fig. S4 ) and it is necessary to place cofilin activity to the very tip of the leading edge following release from PIP2 binding van Rheenen et al., 2007) during lamellipodium extension. Inhibiting cofilin activity by highly increasing phosphorylation levels (supplementary material Fig. S3c ) prevents lamellipodium protrusions.
During protrusion formation after EGF stimulation, LIMK1 and pCofilinS3 ( Fig. 3A,B ; supplementary material Fig. S15 ) are enriched behind the leading edge. Analysis of the cofilin-actin binding by acceptor photobleaching FRET (van Rheenen et al., 2007) shows that this interaction takes place after 1 minute following the EGF stimulation and is localized within the very first micrometer of the leading edge (Fig. 3C) . After RhoC depletion, we found that pCofilinS3 levels decreased in the lamellipodium while total cofilin levels remained constant (Fig. 3D,E ). These results demonstrate that RhoC is required for increased pCofilinS3 levels during protrusion. We hypothesized that this effect will have a direct impact on the cofilin/actin binding. Upon RhoC depletion, cofilin and actin interaction, measured by acceptor photobleaching FRET, is increased, and the spatial confinement of cofilin activity at the very first micrometer of the leading edge is lost ( Fig. 4A,B ; supplementary material Fig. S5 ). We further confirmed these results by using in situ PLA (proximity ligation assay) to detect the interaction between cofilin and actin (supplementary material Fig. S6 ).
Cofilin activity in protrusions involves the binding of cofilin to F-actin followed by severing to increase cofilin-dependent free actin barbed ends after 1 minute of EGF stimulation (supplementary material Fig. S7a,b) . Based on our results we hypothesized that depletion of RhoC will have an impact on cofilin-generated barbed ends. Indeed, depletion of RhoC significantly increases barbed end formation at the leading edge protrusions in a cofilin-dependent manner ( Fig. 4C ; supplementary material Fig. S7c ).
Collectively, these results demonstrate that cofilin interacts with actin at the leading edge of EGF-driven protrusions and RhoC spatially regulates this interaction as well as cofilinmediated barbed end formation.
Spatial activation of RhoA regulates lamellar protrusion formation but not lamellipodium protrusion
The closely related isoform RhoA has been previously shown to mediate mDia-dependent actin filament polymerization at the lamellar compartment upon depletion of N-Wasp/Wave2 (Sarmiento et al., 2008) . By using a RhoA FLARE.sc biosensor (Pertz et al., 2006) we localized RhoA activity in the first micrometer of the protruding lamellipodium (supplementary material Fig. S8a ; Movie 9). Moreover, depletion of RhoA increases protrusive activity without affecting barbed end formation or cofilin phosphorylation levels (supplementary material RhoC activity during protrusion is regulated by p190RhoGEF and p190RhoGAP spatial coordinators
We next sought to determine the GEF and GAP responsible for RhoC regulation at the leading edge. p190RhoGEF has been shown to mediate the activation of RhoA, RhoB and RhoC (BravoCordero et al., 2011; Jaiswal et al., 2011; Lim et al., 2008; van Horck et al., 2001) but it is more efficient at catalyzing the nucleotide exchange of RhoC compared to RhoA or RhoB (Jaiswal et al., 2011) by fluorescence spectroscopy measurements. At invadopodia, RhoC activity is spatially regulated by p190RhoGEF. Given the importance of RhoC activity for efficient protrusion formation and actin dynamics in both compartments we tested how p190RhoGEF regulates RhoC at leading edge protrusions.
Live-cell imaging of the RhoC biosensor revealed that RhoC activity is highest in areas between 1 and 2 mm behind the cell edge and this is a dynamic process during protrusion formation ( how RhoC activity is regulated by p190RhoGEF during EGFinduced lamellipodium protrusion, we overexpressed a mutant version of the GEF lacking the catalytic DH-PH domains. This mutant, named p190RhoGEF-C, competes against the endogenous GEF for proper localization through focal adhesion kinase (FAK) binding (due to the native FAK binding site at the C-terminus of the GEF being maintained) to act as a dominant negative but does not bind to GTPases (Lim et al., 2008; Zhai et al., 2003) . As a control we used a further truncated version of this mutant lacking this FAK-binding site [referred to in Fig. 5C and throughout Fig. 6 as p190RhoGEF-CDFAK (control)], containing just a few amino acids of the C-terminal domain of p190RhoGEF attached to mCherry, being diffusible in the cell cytoplasm with no activity (see Materials and Methods) (Zhai et al., 2003) . p190RhoGEF-C (dominant negative mutant) affects the spatial activation of RhoC by decreasing RhoC levels in areas 1 mm behind the cell edge where RhoC is observed to be activated in p190RhoGEF-CDFAK (control; Fig p190RhoGAP can catalyze the GTP hydrolysis of RhoC (Kusama et al., 2006; Thomas et al., 2011; Wang et al., 2003) regulating RhoC activity (supplementary material Fig. S11 ). p190RhoGAP was shown to regulate protrusion and polarity through inactivation of RhoA in fibroblasts (Arthur and Burridge, 2001) and RhoC activity at invadopodial protrusions (Bravo-Cordero et al., 2011) . In MTLn3 cells, p190RhoGAP is enriched in areas close to the membrane at These results suggest that these two molecules, p190RhoGEF and p190RhoGAP act synergistically as RhoC modulators, spatially defining the areas where RhoC is activated. We next questioned how p190RhoGEF and p190RhoGAP contribute to the pCofilinS3 levels at leading edge protrusions, the balance of actin barbed end formation in time and space and ultimately, how they regulate lamellipodial protrusion. Overexpression of p190RhoGEF-C decreases total pCofilinS3 (supplementary material Fig. S10c ) levels and in areas behind the leading edge (Fig. 6A,B ) and knocking down p190RhoGAP generates a dramatic redistribution of the pCofilinS3 pool to the leading edge of the cell where pCofilinS3 is normally absent in control cells (Fig. 7A,B) . These results show that inhibition of p190RhoGAP displaces pCofilinS3 to the leading edge as it does for RhoC activation, while inhibition of p190RhoGEF activity inhibits cofilin phosphorylation.
By interfering with these two molecules, we spatially modulated the amplitude of the barbed end area at the first phase of actin polymerization during lamellipodium protrusion ( Fig. 6C,D ; Fig. 7C,D) . Cells expressing p190RhoGEF-C (dominant negative) have an increase in barbed ends (i.e. increased amplitude), and the barbed ends are no longer restricted to a very sharp band at the edge of the lamellipodium as it is in control Membrane protrusion is standardized to time 0. Number of cells analyzed: p190RhoGEF-CDFAK-mCherry (control)57, p190RhoGEF-C-mCherry59. Scale bars: 10 mm (main images); 1 mm (inserts). Pseudocolor scale bar shows the barbed end intensity. *P,0.05, **P,0.01. Error bars indicate the s.e.m. cells ( Fig. 6C-E) . In contrast, the barbed end amplitude is decreased in cells depleted for p190RhoGAP (Fig. 7C-E) .
These results show that the effect on barbed ends is mediated by the regulatory mechanism of these GEF/GAP molecules over the RhoC/cofilin pathway ( Fig. 5; Fig. 6A,B ; Fig. 7A,B) . The activities of p190RhoGEF and p190RhoGAP are crucial for keeping the active versus the inactive cofilin pool spatially separated to properly focus actin barbed end generation during protrusion formation ( Fig. 6A,B; Fig. 7A,B) .
Interestingly, protrusion activity is affected in the same way when interfering with either of p190RhoGEF or p190RhoGAP ( Fig. 6F; Fig. 7F ). In either of these cases, the overall protrusion is significantly impaired when p190RhoGAP is depleted or when p190RhoGEF activity is inhibited by expressing the p190RhoGEF-C, suggesting that cells are losing the balance between RhoC activation and deactivation and are not able to form a polarized protrusion.
Other GEFs and GAPs known to regulate Rho GTPases activity include p115RhoGEF, LARG (activated also by integrins as p190RhoGEF) (Dubash et al., 2007; Jaiswal et al., 2011) and DLC-1 GAP (Healy et al., 2008 ). However, they display different patterns of localization compared to p190RhoGEF or p190RhoGAP during lamellipodium protrusion. While the p115 and LARG localize right at the tip of lamellipodial protrusions, DLC-1 localizes at focal adhesions (supplementary material Fig. S12a; Fig. S13a ). None of these molecules affect cofilin phosphorylation on Ser3 (supplementary material Fig. S12d; Fig. S13d ). Also none affect lamellipodium protrusion except for LARG (supplementary material Fig. S12c; Fig. S13c) where its knockdown decreased protrusion activity but not affect cofilin phosphorylation.
Discussion
Actin polymerization is a driving force that allows cells to extend the cell membrane in different physiological processes. From Dictyostelium (King and Insall, 2009 ) to tumor cells extension of a protrusion towards a chemotactic signal is the initial response during directional movement. During chemotaxis, actin polymerization takes place at the edge facing the chemotatic source. In this way, highly motile cells like neutrophils and tumor cells respond to chemotactic signals by adopting a polarized morphology. But how do motile cells know where to establish a leading edge? To achieve this feat, motile cells must restrict actin polymerization to the leading edge and this restriction has to be mediated by spatial placement of different components that regulate the actin polymerization machinery. We show here that: (1) spatial regulation of a leading edge protrusion is mediated by RhoC, restricting cofilin activity and actin dynamics to the leading edge of the cell; (2) p190RhoGEF and p190RhoGAP molecules are important regulators of RhoC activation during leading edge protrusion; and (3) barbed end formation and actin polymerization can be spatially modulated by regulating the activity of RhoC through p190RhoGEF and p190RhoGAP activities. Identification of the molecules that carefully fine-tune the areas of actin polymerization introduces a new perspective on how actin polymerization is spatially regulated, and thus how directional cell migration is determined.
Our results support a new model (Fig. 8) for actin polymerization and barbed end generation where the amplitude of barbed ends at leading edge protrusions can be fine-tuned at a molecular level by modulating RhoC GTPase activity, by p190RhoGAP/p190RhoGEF, and ultimately cofilin severing activity. To date it has been an open question as to how cells maintain active cofilin right at the leading edge after it is released from the membrane during protrusion. Our data here shed light onto this question. We show that RhoC activation behind the leading edge determines the localization of active cofilin and the sites of actin polymerization by increasing phosphorylated cofilin behind the leading edge. This spatially distinct RhoC activation sculpts the shape and amplitude of the zone of actin polymerization to define the shape and size of leading edge protrusions. In cells Fig. 8 . Spatiotemporal control of actin polymerization by p190RhoGEF/p190RhoGAP/RhoC/cofilin during lamellipodium protrusion. (A) During EGF-stimulated lamellipodium protrusions RhoC is activated in areas 1-3 mm behind the cell edge. In those areas, activation of RhoC leads to cofilin phosphorylation by the ROCK/LIMK pathway. Red indicates areas of high RhoC activity behind the leading edge and blue indicates areas of low RhoC activity and also areas of active cofilin. Cream color represents the cytosol. The dashed arrow shows the distance from the edge. Pseudocolor scale bar represents how RhoC activity is distributed at a protruding lamellipodium. (B) Activation of RhoC is confined behind the edge by the action of p190RhoGEF located behind the leading edge and p190RhoGAP located right at the leading edge. In this way, bursts of high RhoC activity are localized to those areas between 1 and 2 mm behind the cell edge. The graph on the left shows where the activities will be located along the lamellipodium. (C) The spatiotemporal regulation of RhoC activity has a direct impact on the distribution of cofilin as a driver of actin polymerization . Our model proposes a new mechanism of barbed end amplitude control where the amount and distribution of RhoC activity by p190RhoGEF and p190RhoGAP molecules dictates the areas of actin polymerization. By modulating the activities of any of these components (p190RhoGAP/p190RhoGEF/RhoC), actin polymerization can be precisely fine-tuned at the leading edge during lamellipodium protrusion, increasing or decreasing the amount of actin polymerization sites. The blue filled area represents barbed end amplitude in control cells. The dotted green line represents barbed end amplitude upon: decrease of p190RhoGEF, decrease of RhoC activity or when cofilin activity is increased. The orange dotted line represents barbed ends amplitude upon: increase RhoC activity, decrease of p190RhoGAP activity or decrease of cofilin activity.
that have high motile activity (such as tumor cells), the ability to dynamically change the amount and distribution of actin barbed ends is a spatially precise and efficient approach to regulate protrusion formation and thus allow the cells to quickly change direction. This RhoC activation pattern supports a barbed end creation mechanism for cofilin (DesMarais et al., 2005) . This model is applicable to cells that are highly motile and capable of quickly changing direction in contrast to the classic treadmill model, where cofilin is speculated to only supply actin monomers disassembled from the pointed ends of actin filaments at the rear of the protrusion (Pollard and Borisy, 2003) .
Furthermore, our results suggest a complex relationship between actin polymerization and the leading edge protrusion. More actin polymerization does not necessarily mean more efficient protrusion since the spatial location of the barbed ends needs to be carefully controlled for efficient protrusion and directed cell migration. Here we have shown that the spatial localization of RhoC activity acts as a directional compass to restrict where actin polymerization may occur by confining cofilin-severing activity, which determines where protrusions are formed.
Our study demonstrates the existence of dynamic activity zones of RhoC and RhoA during cell protrusion. While RhoA localizes at the tip of the leading edge and mediates lamellar extension through the activation of a mDia-dependent pathway (Sarmiento et al., 2008) , RhoC restricts actin polymerization at the tip of the lamellipodium through regulation of the cofilin pathway. The strong localization of RhoA at the tip of the lamellipodium is involved in inhibiting Rac as previously shown and may stabilize microtubules at leading edge focal adhesions through the RhoA-mDia pathway (Yamana et al., 2006) . In other cell systems including leukocytes (Worthylake and Burridge, 2003) , RhoA is involved in regulation of the membrane protrusions and ROCK/LIMK/ cofilin activity but not in invasive tumor cells as shown here. These possible roles of RhoA may explain the increase in protrusive activity after RhoA depletion. As shown here, the GEF LARG localizes at the leading edge where RhoA activity is highly enriched and it is necessary for lamellipodium formation. Therefore, we speculate that LARG mediates the activation of a specific pool of RhoA to facilitate adhesion, and thereby stabilization of the lamellipodium (Dubash et al., 2007) . However, it is not involved in cofilin regulation.
How are the RhoC activity zones initiated and sustained? The spatial distribution of p190RhoGEF and p190RhoGAP generate spatially constrained bursts of RhoC activity behind the leading edge that appears to be a major component of the cellular directional sensing during chemotaxis. These two molecules contribute to the spatial distribution and levels of the pCofilinS3 pool. Interfering with any of the components of the axis of p190RhoGEF/p190RhoGAP/RhoC/cofilin affect protrusion formation similarly. The results of studies of the leading edge of locomotory protrusions such as lamellipodia as described here, and invadopodia described previously (Bravo-Cordero et al., 2011) indicate that a common mechanism, the p190RhoGEF/ p190RhoGAP/RhoC/cofilin signaling module, is at work in regulating protrusion size and shape.
The next layer of complexity in GTPase signaling is how GEF/ GAP activation is regulated in order to control the RhoC-GTPase activity. GEFs are multidomain proteins that can bind to other proteins and lipids (Bos et al., 2007) . Based on our results and others, we hypothesize that in the case of p190RhoGEF, FAK could be mediating GEF recruitment to specific areas at the leading edge (Lim et al., 2008) . This interaction could localize p190RhoGEF to specific areas of the membrane where latent RhoC is delivered by GDI. Also, p190RhoGEF regulates RhoA downstream of integrins, suggesting that an integrin/FAK pathway may be involved in the activation of p190RhoGEF (Miller et al., 2012) . By contrast, an association between p120Ras and p190RhoGAP has been shown to mediate p190RhoGAP localization to the leading edge in fibroblasts (Bradley et al., 2006) . We can speculate that similar mechanisms could mediate p190RhoGAP/p190RhoGEF localization in tumor cells but more work needs to be done in order to understand precisely how GEFs and GAPs are recruited to different subcellular locations.
Cell motility is an important component of pathological processes like metastasis, and RhoC has previously been shown to be essential for metastasis (Clark et al., 2000) . In addition, the invasive and migratory populations of tumor cells in primary breast tumors overexpress RhoC and some of the genes of the cofilin signaling pathway indicating over activation of the p190RhoGEF/p190RhoGAP/RhoC/cofilin axis (Bravo-Cordero et al., 2011; Wang et al., 2004; Wang et al., 2007) . While RhoC depleted cells show 2D locomotion with no change in overall cell velocity, protrusion formation is dramatically inhibited. Recent results from Lauffenburger lab (Meyer et al., 2012) show that acute regulation of protrusion dynamics in 2D (but not other parameters like speed or persistence) reflects long-term 3D migration response and this correlates with the invasive behavior of tumor cells. These results are consistent with our findings and suggest that protrusion formation is a key indicator of migratory behavior of invasive tumor cells in the tumor microenvironment and highlights the importance of elucidating the mechanisms of protrusion formation to understand complex processes like tumor metastasis. Our results explain how RhoC mediates tumor metastasis, by regulating actin dynamics in cell protrusion. This report and our previous work (Bravo-Cordero et al., 2011) , showing that RhoC mediates the focused formation of invadopodial protrusions, reinforce the role of RhoC as a key regulator of directed protrusion activity as needed for efficient metastasis. The axis p190RhoGEF/p190RhoGAP/RhoC/cofilin may be one of the predominant pathways that regulate tumor cell metastasis and may be a therapeutic target to prevent metastasis.
Materials and Methods
Cell culture and DNA transfection
For all experiments, MTLn3 cells, derived from the 13762NF rat mammary adenocarcinoma, were cultured in a-MEM supplemented with 5% FBS and antibiotics as described previously . Transfections were performed 24 hours before each experiment by applying 2 mg DNA mixed with Lipofectamine to MTLn3 cells. The MTLn3 cell lines stably expressing the tet-OFF inducible RhoC FLARE.sc (single chain) and RhoA FLARE.sc biosensors were cultured in the presence of doxycyclin (1 mg/ml) to repress the biosensor expression during normal propagation. The drug was removed 72 hours prior to the experiment as previously described (Bravo-Cordero et al., 2011) . Briefly, RhoC FLARE.sc inducible, stable cell line was produced by using retroviral transduction of first, virus containing the expression cassette for the tet-OFF system (Clontech) and the stable selection using G418 (1 mg/ml), followed by a second viral transduction containing the biosensor expression cassette driven by tetracyclin-inducible CMV promoter (Clontech). The transduced cells were selected for stable incorporation of the biosensor expression cassette using puromycin (10 mg/ml). Cells were then FACS sorted to tightly gate for nearidentical expression levels of the biosensor, equating to ,20% of the endogenous protein levels (Bravo-Cordero et al., 2011) . In addition, these methods of producing biosensor stable cell lines in order to achieve the low but uniform expression levels are described in detail in the previous publications Hodgson et al., 2010; Machacek et al., 2009; Pertz et al., 2006) .
EGF upshift assays
The EGF upshift assay was performed as described previously . In brief, cells were starved in L15 medium (GIBCO BRL) supplemented with 0.35% BSA for 3 to 4 hours. Cells were then stimulated with a bath application of 5 nM EGF (Invitrogen), treated at 37˚C. Protrusive activity was quantified as an increase in total cell area as described previously (Segall et al., 1996) .
Micropipette assays
The micropipette assay was performed as described previously . Time-lapse series were taken using 206objectives on a on a wide-field microscope (Inverted Olympus IX70) and analyzed using Image J. Directional protrusion and chemotaxis index was calculated as previously described . Briefly, front and back protrusions were measured along a line going through the centroid and the tip of the micropipette (supplementary material Fig. S2a ): front protrusion is the distance from the centroid of the cell to the point of intersection between the cell perimeter and the line going through the centroid and pipette tip, at the side of the pipette (the front side); back protrusion is the distance from the centroid of the cell to the point of intersection but at the other side of the cell (the back side). Protrusion values were standardized over the corresponding value at time 0. Chemotaxis index is the cosine of the angle between the line formed by the initial centroid (before the micropipette introduction) and the last centroid (after 10 minutes). For the polarity index measurements a custom ImageJ macro was written, which calculates the distance between the cell centroid and the cell edge at every 22.5˚for every time point. The angle 0˚was defined as the line connecting the cell centroid to the pipette tip. The angle that is protruding more at each time point is annotated and cosine of that angle is calculated. Micropipette biosensor imaging experiments were performed in a similar way and cells were fixed and stained once the experiment is done. Regions were selected as shown in supplementary material Fig. S2d and average intensity per unit area was measured for RhoC activity.
The front of the cell is defined as the region situated within a sector that is at a 35˚angle (,10 mm arc length) in reference to the vector linking the centroid and the pipette tip because this is the range of angles of protrusions exhibited by cells during chemoattractant sensing. Leading edge was defined as the region that extends 1 mm inward from the cell membrane where most of actin polymerization occurs (Chan et al., 2000; DesMarais et al., 2002) . The analysis in each region is done by using a custom computer algorithm (detailed in leading edge analysis section) and the average intensity per unit area was measured for RhoC activity.
p190RhoGEF constructs
A mutant version of p190RhoGEF in which the C-terminal portion of the GEF containing the FAK-binding site (p190RhoGEF-C) was overexpressed as the functional competitor to the endogenous GEF, was produced by first PCR amplifying the fragment of p190RhoGEF (3839-4742 base pairs) using a primer pair: 59-gatatatatttaattatgaattcgagagtctgcaagtggctgtgaagg-39 and 59-ctccctcgtaattatataaattattctcgagtcatgatgggtttggtttattggacgtg-39, encoding EcoRI and XhoI restriction sites. The resulting fragment was spliced into the pTriEX-His-Myc-4 backbone at the EcoRI/XhoI sites. This construct further contained a mCherry at the NcoI/EcoRI restriction sites. A control version of this mutant GEF (p190RhoGEF-CDFAK) in which the C-terminal portion of the GEF did not contain the FAK-binding site, was produced by PCR amplifying the fragment of p190RhoGEF (3902-4742 base pairs) using a primer pair: 59-gatatatatttaattatgaattcggagggactgtcctgatggacacac-39 and 59-ctccctcgtaattatataaattattctcgagtcatgatgggtttggtttattggacgtg-39, encoding EcoRI and XhoI restriction sites. The resulting fragment was spliced into the pTriEX-His-Myc-4 backbone at the EcoRI/XhoI sites. This construct further contained a mCherry at the NcoI/EcoRI restriction sites.
Immunofluorescence
All experiments in this study were performed using MTLn3 cells cultured on glass. 100,000 MTLn3 cells were plated 16 hours before fixation. The cells were fixed and immunofluorescence was performed as described previously (Eddy et al., 2000) . The fixed cell experiments were performed on a wide-field microscope (Inverted Olympus IX70) and images were acquired with a cooled CCD camera (Sensicam QE cooled CCD camera) with a 606 NA51.4 oil immersion objective using IP Laboratory 4.0 software or on a Confocal SP5 AOBS with a 636 1.4 NA oil-immersion objective (Leica, Mannheim, Germany) using Leica confocal software (LCS) for acquisition of images (Fig. 5A) . For leading edge measurements of fluorescence intensity of cofilin and pCofilinS3 MTLn3 cells were stimulated with EGF at different time points, fix and stained with specific antibodies. At least three different regions of 10 mm in length were selected per cell in at least three different experiments. Using a custom written ImageJ macro, a region width of 1 or 3 mm in width (for lamellipodium measurements) right at the leading edge and 1, 2 and 3 mm behind was highlighted and average intensity per unit area was measured for cofilin and pCofilinS3.
Acceptor photobleaching experiments
Acceptor photobleaching experiments were performed and analyzed as previously described (Oser et al., 2009; van Rheenen et al., 2007) . Briefly, donor and acceptor confocal images were collected before and after photobleaching of the acceptor on a laser scanning microscope (LSM 5 LIVE DuoScan; Carl Zeiss, Inc.). All images were corrected for laser fluctuations, overall sample bleaching and background. The post-bleached donor image was corrected for imaging bleaching and the gain in donor and the loss in acceptor fluorescence were determined at different areas. FRET was calculated by relating the gain of donor fluorescence to the total amount post-bleach acceptor fluorescence. All FRET calculations were performed on the mean values of regions of interest of areas of 1 mm depth right at the cell periphery or 1 mm inside. No significant photo conversion of the acceptor was observed during photobleaching. The formula used to calculate FRET efficiency is: (Donor 
Barbed ends assay
The actin barbed end assay was performed using biotin-actin as described previously (Sarmiento et al., 2008) . For barbed ends quantifications cells were traced and a custom designed macro automated the collection of pixel intensity in a perimeter of the cell starting at the cell edge and extending to 6 mm inside the cell in 0.2 mm steps. The averaged fluorescence intensity of the first 1 mm inside the cell was used to represent the barbed ends.
Reagents and primary antibodies
The antibodies used were as follows: p190RhoGAP (610149) mouse monoclonal antibody against p190RhoGAP was purchased from BD Laboratories. AE441 is an affinity purified rabbit polyclonal antibody raised against an 11 amino acid cofilinderived peptide containing a phosphorylated serine residue at position 3 and recognizes phosphorylated cofilin (pCofilinS3) exclusively, as shown by isoelectric focusing gel analysis. AE774 is a chicken IgY antibody raised against purified recombinant full-length rat cofilin that recognizes both serine-3-phosphorylated and dephosphorylated cofilin . AC-15 is a mouse monoclonal IgG1 antibody that recognizes the b-isoform of actin (SigmaAldrich, St. Louis, MO, USA). RhoC (D40E4) (Cell Signaling Technology, Inc., Danvers, MA). RhoA (26C4) (sc-418), LARG (H-70; sc-25638) a rabbit polyclonal antibody against LARG and DLC-1 (C-12; sc-271915) a mouse monoclonal against DLC-1 were purchased from Santa Cruz Biotechnology. p115RhoGEF rabbit monoclonal (D25D2) against p115RhoGEF was purchased from Cell Signaling. Wave2 and N-WASp rabbit polyclonal antibodies were used as previously described (Sarmiento et al., 2008) . DiI lipophilic tracer dye was purchased from Invitrogen and used following manufacturer's instructions.
Live-cell imaging of RhoC and RhoA biosensors
Live-cell imaging of RhoC and RhoA FLARE.sc biosensors was done as previously described (Bravo-Cordero et al., 2011) Hodgson et al., 2010; Machacek et al., 2009; Pertz et al., 2006) . Briefly, MTLn3 cells stably incorporating RhoC or RhoA biosensor were starved in L15 medium (Invitrogen, Carlsbad, CA) supplemented with 0.35% BSA (starvation medium), for 3-4 hours. To stimulate cells, MTLn3 cells were treated with 5 nM epidermal growth factor (EGF); (Invitrogen, Carlsbad, CA) for various times. Imaging was performed in imaging medium [Ham's F-12K without phenol red (Biosource, Camarillo, CA), 10 mM Hepes and 10 mg/ml Oxyfluor reagent (Oxyrase Inc., Mansfield, OH) with 0.35% BSA] in a heated closed chamber.
Because the RhoA/C FLARE.sc biosensors are based on single-chain designs in which the FRET donor and acceptor halves are linked into a single molecule via an optimized linker, the local concentrations of the FRET donor and acceptor molecules are always equimolar (Hodgson et al., 2010; Pertz et al., 2006) . Because of this specific feature, we are able to make the simplifying assumption that the ratio of FRET to the donor emission would be sufficient to describe the donor occupancy states (Zal and Gascoigne, 2004 ) and the resulting ratiometric data are useful for making relativistic comparisons of the GTPase-occupancy states. Thus, activation levels of Rho biosensors were measured in living cells by monitoring the ratio of the FRET between ECFP to Citrine-YFP and the donor ECFP intensities for RhoA sensor and monomeric Cerulean to monomeric Venus FRET and Cerulean intensities for the RhoC biosensor. Time-lapse sequences were acquired on a custom Olympus IX81ZDC inverted microscope with a beam splitter which enabled simultaneous acquisitions of both FRET and CFP channels using two Coolsnap ESII CCD cameras (Roper Photometrics, Tucson, AZ) mounted on the left-side 100% throughput port via an Olympus beamsplitters module, and a set of excitation/emission filterwheels to direct the DIC and the mCherry emission to a third camera (CoolsnapHQII; Roper Photometrics, Tucson, AZ) mounted on the bottom 100% throughput port of the microscope (Spiering and Hodgson, 2012) . Images were obtained using an Olympus 606 PlanApoN 1.45 NA UIS2 DIC lens and the Metamorph software. The filter sets used for ratiometric imaging were (Excitation, emission, respectively): ECFP or mCerulean: ET436/20X, ET480/40M (Chroma Technology, Rockingham, VT); FRET: ET436/20X, ET535/30M (Chroma Technology). The main fluorescence turret utilized a 10/90 (reflection/ transmittance) mirror (Olympus, Center Valley, PA) that provided compatibility with all of the band pass filters used. Additionally, a 575DCXR dichroic mirror (Chroma Technology, Rockingham, VT) was installed to replace the internal prism of the microscope, enabling beamsplitting of CFP-YFP FRET emissions to the left port of the microscope and all the longer wavelengths to the bottom port of the microscope. 505DCXRU dichroic mirror (Chroma Technology, Rockingham, VT) was used to split the CFP-and YFP-FRET emissions in the external beamsplitter attached to the left side port of the microscope. Cells were illuminated with a 100 W Hg arc lamp through a 10% transmittance neutral density filter. At each time point, CFP and FRET images were recorded simultaneously for 700 mseconds exposure time with binning 262, using the two side-mounted cameras. The images were taken at 10 second intervals for the total duration of up to 80 consecutive frames.
Image processing and analysis
Metamorph, version 7.8.0 (Molecular Devices, Sunnyvale, CA) was used to perform the image processing and data analysis. All images were corrected for the readout/dark-current noise, shading corrected, and background subtracted, as previously described (Hodgson et al., 2010) . Because the dual-camera system was used (Spiering and Hodgson, 2012) , fields of view in CFP and FRET channels were a priori calibrated using custom multispectral beads (Bangs Laboratories) and a morphing algorithm based on multi-order Legendre polynomials (Danuser, 1999) to achieve 1/10th of pixel accuracy in pixel-by-pixel matching. This technology corrected for any misalignments within the field of view including camera mounting angle differences, field shear and lateral chromatic dispersion differences within the microscope objective lens. Following the morphing, CFP/ FRET images were manually thresholded based on the foreground signal intensities to generate corresponding binary masks with a value of zero outside the cell and a value of one inside the cell. Here, the edges of the cells were carefully analyzed in pseudocolor display to ascertain that we did not over or under-select the regions of the edge, especially where the leading edge structures were very thin. The morphed and corrected image sets were multiplied by the corresponding binary masks to set areas outside the cell uniformly zero to minimize noise and other artifacts associated with the ratiometric calculations . These images were then X-Y translation aligned automatically based on the global optimal cross-correlation analysis (Hodgsonet al., 2010; Shen et al., 2008) to ascertain registration with subpixel accuracy. Masked FRET image was divided by the masked CFP image to yield a ratio, reflecting RhoC activity throughout the cell. For image visualization purposes only, a linear pseudocolor lookup table (LUT) was applied to the ratiometric images and the ratio images were normalized to the lower scale value. This application of the LUT and visual scaling was for data representation only; thus the original raw ratio data values were unmodified by this process, important for the later analysis of the ratio values. In every data set, raw fluorescent images were carefully inspected to verify that all portions used to create the ratio image had a high enough signal to noise ratio, typically this equated to the signal to noise ratio of at least 2:1 at the thinnest region of the cell (Hodgson et al., 2010) . In timelapse experiments, the ratio was corrected for photobleaching using a previously published method . The representative images shown in Fig. 5 and the movies represent a running sum of three sequential frames.
Leading edge analysis
Leading edge was defined as the region that extends 1 mm inward from the cell membrane where most of actin polymerization occurs (Chan et al., 2000; DesMarais et al., 2002) . Leading edge analysis in fixed samples was performed as follows: We stimulated MTLn3 cells with 5 nM EGF, fixed and stained with appropriate antibodies to identify the leading edge using features including cofilin, cortactin or F-Actin staining. MTLn3 cells expand uniformly after EGF stimulation as seen in supplementary material Movie 1. Images of fixed cells were taken by using a widefield Olympus inverted microscope with a 6061.4 NA oil immersion objective lens. For the leading edge measurements, we divided the cell into three regions of 120e ach. We chose three regions of 10 mm long arc-length segments along the cell edge in those regions to mimic the areas used in the pipette stimulated experiments. Regions that protruded can be easily identified as flat protrusion extending outside of the cell containing cofilin, cortactin and F-actin at the very first micrometer. A computer algorithm (freely available upon request) was used to produce accurate regions of interest with the user-drawn 10 mm cell edge arc-length segment as the starting point from which a user-specified distance from the leading edge toward the inside of the cell (1 mm, 2 mm or 3 mm) was selected as the new regions of interest. Intensity measurements are made in these regions and intensity per unit area in each particular 1 mm depth segment was calculated.
Colocalization analysis
MTLn3 cells were fixed and stained for cofilin and pCofilinS3. The images were then analyzed for colocalization (Pearson correlation) using the Jacop colocalization plugin for ImageJ.
Proximity ligation assay
The cofilin and actin interaction was detected in situ using Duolink PLA Kits (Olink Bioscience, Sweden: Duolink II Detection Reagents Far Red fit, Duolink II Probemaker MINUS kit for making cofilin PLA probe by conjugation of the MINUS oligonucleotide with the anti-cofilin chicken IgY and Duolink II Probemaker PLUS kit for making b-actin PLA probe by conjugation of the PLUS oligonucleotide with the anti b-actin mouse IgG) according to manufacturer's instructions. Briefly, fixed cells were blocked in a pre-heated humidity chamber for 30 minutes at 37˚C. PLA probes (Cofilin PLA MINUS and b-actin PLA PLUS) mixture were used at a 1:400 dilution of each probe and incubated for 1 hour at 37˚C. Nuclei were stained with Duolink II mounting medium containing DAPI. Images were acquired on epi-fluorescence Deltavision Core Microscope (Applied Precision, LLC), with 606, 1.42 NA objective and analyzed using a custom-written ImageJ macro that calculates the number of PLA dots.
RNAi
The following rat siRNA reagents from Dharmacon (Thermo Scientific, Lafayette, CO, USA) were used: RhoC (L-089673), p190RhoGAP (M-088596), p115RhoGEF (L-099751), LARG (L-101376), DLC-1 (L-088843), RhoA L-095222 siRNA. siRNA duplexes were designed against the following gene sequences: Wave2 (59-AAACCTATAACAGTGTGACG-39) and N-WASP (59-AAGACGAGATGCTCCAAATGG-39) (Sarmiento et al., 2008) . siRNA were transfected into MTLn3 cells at 100 nM each using Oligofectamine (Invitrogen, Carlsbad, CA) (Bravo-Cordero et al., 2011) . The transfection was terminated after 4 hours by addition of 26serum-containing medium. All experiments were performed 48 hours after transfection with more than 95% knockdown efficiency for the siRNA used (Bravo-Cordero et al., 2011) . Control scrambled siRNA and cofilin siRNA (59-AAGGTGTTCAATGACATGAAA-39) sequences were described previously .
Western blotting
For western blot analysis, whole-cell lysates were prepared by washing twice with ice-cold PBS before direct extraction with Laemmli sample buffer supplemented with the phosphatase inhibitors 50 mM NaF, 1 mM Na 3 VO 4 and protease inhibitor cocktail set III (EMD Biosciences, San Diego, CA). Western blots were performed as follows: the samples were resolved by SDS-PAGE, transferred to nitrocellulose, blocked for 1 hour in Odyssey blocking solution (LI-COR, Lincoln, NE), incubated with primary antibodies overnight at 4˚C. The appropriate secondary antibodies (mouse 680, rabbit 800; LI-COR, Lincoln, NE); chicken 800 (Rockland, Gilbertsville, PA) were incubated for 1 hour at RT and analyzed using the Odyssey Infrared Imaging System (LI-COR, Lincoln, NE). For quantification, the median gray value of the band was calculated after subtraction of the background.
RhoA pull-down assays GST-PBD binding assay was done as described previously (Sarmiento et al., 2008) . GST-Rhotekin-RBD was expressed in Escherichia coli and purified using glutathione-Sepharose beads. Cell lysates were incubated with GST-RBD protein for 1 hour at 4˚C while rotating. Bound proteins were collected by centrifugation and resuspended in Laemmli buffer. RhoA was detected by western blotting with an anti-RhoA antibody.
Statistical analysis
Statistical significance was calculated using unpaired, two-tailed t-test. Values were considered statistically significant if the P,0.05. For all figures, * indicates P,0.05; ** indicates P,0.01; and *** indicates P,0.001. Error bars indicate the standard error of the mean (s.e.m.). , which is the measurement of membrane protrusion along a line drawn from the centroid of the cell to the tip of the micropipette and back protrusion (B), which is the measurement of membrane protrusion along a line starting from the centroid and forming a 180° angle with the front line . This analysis was used in Fig. 1D . b) Cartoon definition of angle q of cell direction relative to the micropipette upon stimulation with EGF (q is the angle between the motility path followed by the cell and the line formed by the initial centroid and pipette tip). This analysis was used in Fig.  1E . c) Cartoon representation showing the 16 lines dividing a stimulated cell into 16 sectors of 22.5° each. Concentric circles in a,b and c represent the EGF source. This analysis was used in Fig. 1F ). d) Cartoon definition of the areas where RhoC activity was measured relative to the tip of the micropipette filled with EGF. This analysis was used in Fig. 2E) . 
